Mounting evidence suggests a connection between human parvovirus B19 (B19) and autoimmune diseases, and especially an association between the B19-VP1 unique region (VP1u) and anti-phospholipid syndrome (APS). However, little is known about the antigenicity of B19-VP1u in the induction of APS-like syndrome. To elucidate the antigenicity of B19-VP1u in the induction of APS, N-terminal truncated B19-VP1u (tVP1u) proteins were prepared to immunize Balb/c mice to generate antibodies against B19-tVP1u proteins. The secreted phospholipase A2 (sPLA2) activities and binding specificity of mice anti-B19-tVP1u antibodies with cardiolipin (CL) and beta-2-glycoprotein I (b2GPI) were evaluated by performing immunoblot, ELISA and absorption experiments. A mice model of passively induced APS was adopted. Although sPLA2 activities were identified in all B19-tVP1u proteins, only amino acid residues 61-227 B19-tVP1u exhibited a higher sPLA2 activity. Autoantibodies against CL and b2GPI exhibited binding activities with all B19-tVP1u proteins. IgG that was purified from mice that had been immunized with amino acid residues 21-227 to 121-227 B19-tVP1u proteins exhibited significantly higher binding activity with CL. IgG that was purified from mice that had been immunized with amino acid residues 21-227, 31-227, 82-227 and 91-227 B19-tVP1u proteins exhibited significantly higher binding activity with b2GPI. Accordingly, significantly higher binding inhibition of CL was detected in the presence of amino acid residues 61-227 and 101-227 B19-tVP1u. Significantly higher binding inhibition of b2GPI was detected in the presence of amino acid residues 21-227, 31-227, 82-227 and 91-227 B19-tVP1u. The mice that received amino acid residues 31-227 or 61-227 anti-tB19-VP1u IgG revealed significant thrombocytopenia and those that received amino acid residues 21
Introduction
The antiphospholipid syndrome (APS) is an autoimmune disorder that is characterized by arterial and venous thromboses, recurrent fetal loss, thrombocytopenia, prolonged coagulation and elevated serum titers of antiphospholipid antibodies (APLs), including anti-beta2-glycoprotein-I (anti-b2GPI) and anti-cardiolipin antibody (aCL). [1] [2] [3] [4] Human parvovirus B19 (B19) is a human pathogen of erythrovirus in the Parvoviridae family. [5] [6] Hence, B19 infection has been associated with autoimmune disorders [7] [8] especially systemic lupus erythematosus (SLE) and the induction of various autoantibodies, including antineutrophil cytoplasmic antibody, APL, and aCL.
Previous studies have shown that autoantibodies against CL, b2GPI, and phospholipid (PhL) in sera from patients with B19 infection cross-react with B19-VP1u. 16 Similar results have been obtained from animal experiments in which significantly elevated immunoglobulins against B19-VP1u, CL, b2GPI and PhL were detected in mice sera that were immunized with recombinant B19-VP1u protein. 17 In a passive transfer mice model, APS-like syndrome, which involves striking thrombocytopenia, prolonged activated partial thromboplastin time (aPTT) and elevated titers of autoantibodies against b2GPI and CL, have been detected in mice that received anti-B19-VP1u IgG. 17 These findings strongly associate B19-VP1u with autoimmunity, and notably with APS-like syndrome. Therefore, this study further elucidates the antigenicity of B19-VP1u by the N-terminal truncation of B19-VP1u.
Materials and methods

Preparation of VP1u and truncated B19-VP1u proteins
The full-length B19-VP1u expression vector pET-32a(C) was used as the template for the construction of truncations. 16 To synthesize DNA templates for N-terminal deletions, the truncated forms of VP1u cDNA were generated by PCR, named amino acid residues 21-227 (2), 31-227 (3), 51-227 (4), 61-227 (5), 71-227 (6), 82-227 (7), 91-227 (8), 101-227 (9), 114-227 (10), 121-227 (11) and 130-227 (12) . All forward and reverse primers have restriction enzyme sites BglII and Sal I that facilitate the cloning of VP1u fragments into the pET-32a(C) expression vector. The ligatant, pET32a-tVP1u, was transformed into Escherichia Coli BL21-DE3 competent cells, which were obtained from Invitrogen (Carlsbad, California, USA). All constructs were confirmed by sequencing. E. coli (BL21-DE3) clones that contained VP1u or tVP1u cDNA in the pET-32a expression vector (Novagene, Cambridge, MA) were grown overnight in one-liter of LBroth that contained 100 mg/ml ampicillin at 37 C with shaking. When the OD 600 reached 0.7-0.9, protein expression was induced by the addition of IPTG to a concentration of 1 mM for another 3 hr. The cells were harvested by centrifugation at 4000 g for 20 min and resuspended in 20 ml sonication buffer (50 mM NaPO4 pH 8/0.25 mM EDTA). Lysozyme was added to a final concentration of 1 mg/ml and the buffer was kept on ice for 30 min. The cells were sonicated (W385, Heat systems-ultrasonic, INC) for a total of 30 min at 5 min intervals, and then centrifuged at 10,000 g for 30 min. The pellet was dissolved with 10 ml buffer B (8 M urea; 0.1M NaH2PO4; 0.02M Tris-HCl; pH 8.0) for 1 hr at room temperature, and the lysate was centrifuged 10,000 g for 30 min at room temperature to pellet the cellular debris. The supernatant was loaded onto an Ni-NTA spin column (Qiagen, Chatsworth, CA, USA) and PureProteome TM Nickel Magnetic Beads (EMD Millipore, CA, USA), and the recombinant B19-VP1u proteins were purified. Protein concentrations were determined by the RC DC protein assay kit (Bio-Rad, CA, USA) and quantified using a U3000 spectrophotometer (Hitachi, Tokyo, Japan). For endotoxin tests, the E-TOXATE (Limulus Amebocyte Lysate) test kits (Sigma-Aldric, St. Louis, MO, USA) was used. The endotoxin levels were measured and found to be below the detection limit in these recombinant proteins (data not shown).
Immunoblotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described elsewhere 19 and the samples of VP1u and tVP1u were electrophoretically transferred to nitrocellulose membranes according to the method of Towbin. 20 The membranes were then cut and soaked in 5% nonfat dry milk in PBS. Antibodies were diluted with 5% nonfat dry milk in PBS reacted with the nitrocellulose strips and incubated for 1.5 hr at room temperature with Histidine tag (6xHis) mouse monoclonal antibody (Invitrogen, CA, USA). The strips were then washed and incubated with alkaline phosphatase conjugated goat anti-mice IgG antibodies (Sigma, Saint Louis Mo, USA) at a dilution of 1/1000. The substrate nitroblue tetrazolium/5-bromo-4-chloro-3 indolyl phosphate (NBT/BCIP) (USB Corporation, Ohio, USA) was used to detect antigen-antibody complexes. ACA HRP IgG Calibrator A and anti-b2GPI IgG Calibrator A (INOVA Diagnostics, Inc, CA, USA) were incubated for 3 h with gentle agitation at room temperature. After it had been washed twice with TBS-Tween, secondary antibody conjugated with horseradish peroxidase (HRP) was added and incubated for another hour. Immobilion Western HRP Chemiluminescent Substrate (Millipore, USA) was then used to detect the antigen-antibody complexes.
sPLA2 catalytic activity
VP1u and tVP1u proteins were assayed for sPLA2 activity by a colorimetric assay (sPLA2 Activity Kit; Cayman Chemical), in accordance with the manufacturer's instructions. Dynamic colorimetric measurements of the optical density at 414 nm were made every minute for 14 min. 18 They are expressed as micromoles per minute per milliliter. Ten ml bee venom PLA2 control was used as a positive control.
Mice antisera
Fifty-two six-week old female BALB/c mice were purchased from the National Laboratory Animal Center, Taiwan. At an age of eight weeks, they were randomly divided into 13 Freund's incomplete adjuvant. The experimental period was eight weeks long and the mice were sacrificed at an age of 16 weeks by asphyxiation using CO 2 . All sera reacted strongly with B19-VP1u and B19-tVP1u, according to immunoblotting analysis. As described elsewhere, [21] [22] [23] sera from mice of each group were pooled, divided in 3 aliquots for experimental triplicates, and stored at ¡80 C until further processing. The mice control, anti-B19-VP1u IgG and anti-B19-tVP1u IgG were purified using a PureProteome TM Protein G Magnetic Bead System (EMD Millipore, CA, USA). The elutant was concentrated and quantified using a U3000 spectrophotometer (Hitachi, Tokyo, Japan).
ELISA
Antigen-specific ELISA kits to detect aCL IgG and antib2GPI IgG antibodies (INOVA Diagnostics, Inc. San Diego, CA, USA) as described by the manufacturer. All serum samples (one mg of IgG) were assayed at a dilution of 1:101. After incubation at room temperature for 30 minutes, the liquid was removed from each sample, which was washed with phosphate buffered saline (PBS) and subsequently incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma, Saint Louis Mo, USA) at a dilution of 1/1000. After incubation at room temperature for 30 minutes, the liquid from each sample well was removed and then washed with PBS and subsequently incubated with the color reaction TMB Chromogen (INOVA Diagnostics, Inc. San Diego, CA, USA) in the dark for 30 minutes at room temperature. Finally, 100ul of HRP stop solution (INOVA Diagnostics, Inc. San Diego, CA, USA) was added to each well and the absorbance (OD) of the well at 450 nm was read within one hour of stopping the reaction. For the absorption experiments, the sera were pre-incubated with 500 mM VP1u or tVP1u proteins for one hour at 37 C before ELISA was performed. A cutoff value was determined using sera from CTL mice (meanC2SD) and absorbance above the value was regarded as positive.
Mice and induction of experimental APS by passive transfer
Fifty-two five week-old female BALB/c mice were purchased from the National Laboratory Animal Center, Taiwan. At an age of eight weeks, they were randomly divided into 13 groups and housed under supervision of the Institutional Animal Care and Use Committee at Chung Shan Medical University, Taichung, Taiwan, which approved all procedures and protocols (Affidavit of Approval of Animal Use Protocol, No.1459), which followed the Guide for the Care and Use of Laboratory Animals, which was published by the United States National Institutes of Health. All animals were kept in a 12-hour light-dark cycle and the ambient temperature was maintained at 25 C. Animals had free access to water and standard laboratory chow (Lab Diet 5001; PMI Nutrition International Inc., Brentwood, MO, USA). The induction of experimental APS by passive transfer was performed according to the method of Blank. 24 A group of four BALB/c mice (eight weeks of age) were infused with the mouse anti-VP1u or antitVP1u IgG antibodies (20 mg per mouse) through their tail veins. Affinity-purified IgG from control mice that were immunized with adjuvant and PBS were used as controls for immunization. After two weeks, a boost injection of 20 mg of the immunoglobulin in PBS into the tail vein was performed. Starting two weeks later, the mice were the same amount of antibodies was injected intradermally in the hind footpads of the mice at oneweek intervals. The experimental period was ten weeks long and the mice were sacrificed at an age of 18 weeks by asphyxiation using CO 2 . APS clinical parameters, including thrombocytopenia and prolonged activated partial thromboplastin time [aPTT] , were evaluated in the infused mice. Platelets from individual blood samples were quantified in whole blood using Systemex (KX-21, KOBE, Japan). The amount of lupus anticoagulants present was evaluated by the prolongation of aPTT in mixing tests, one volume of plasma from whole blood was mixed with 0.123 mol/l of sodium citrate in a 9:1 volume ratio with 1 each cephalin, before the mixture was incubated for two minutes at 37 C. Another volume of 0.025M CaCl2 (Sigma, Saint Louis Mo, USA) was added, and the clotting time in seconds was recorded using Coatron M1 (TECO GmbH, Neufahrn NB, Germany).
Statistical analysis
All of the statistical analyses were conducted using GraphPad Prism 5 software (GraphPad Software, CA). They involved one-way analysis of variance (One-way ANOVA), followed by the Tukey multiple-comparisons test. Data were represented as mean § SEM and verified by at least three independent experiments. A value of P < 0.05 was considered to indicate statistical significance. Significant differences are indicated by symbols in the relevant figures.
Results
Preparation of recombinant B19-tVP1u proteins
Fig. 1A schematically depicts full-length and truncated B19-VP1u with N-terminal deletions. The full-length and 11 N-terminal truncated B19-VP1u recombinant proteins (tVP1u) were purified and analyzed using 12% SDS-PAGE (Fig. 1B and C) . Histidine tag (6xHis) mouse monoclonal antibody was used to identify the purified truncated recombinant proteins (Fig. 1D) . The number 1 indicates the full-length of the B19-VP1u protein, which contains amino acid residues 1 to 227. The numbers 2 to 12 indicated the N-terminal truncated B19-VP1u proteins, which contain amino acid residues 21 to 227 (2), 31 to 227 (3), 51 to 227 (4), 61 to 227 (5), 71 to 227 (6), 82 to 227 (7), 91 to 227 (8), 101 to 227 (9), 114 to 227 (10), 121 to 227 (11) and 130 to 227 (12), respectively. Since the B19-VP1u and all tVP1u are constructed into pET-32a expression vector, the expressed recombinant proteins will contain S-tag and His-tag and exhibit the following molecular weight; (1) 51 kDa, (2) 49 kDa, (3) 48 kDa, (4) 46 kDa, (5) 45 kDa, (6) 44 kDa, (7) 43 kDa, (8) 42 kDa, (9) 40 kDa, (10)39 kDa, (11) 38 kDa, (12) 38 kDa.
Secreted phospholipase A2 (sPLA2) activity of truncated B19-VP1u proteins
To determine whether B19-tVP1u proteins exhibit sPLA2 activity, a sPLA2 activity assay was performed. Table 1 summarizes the sPLA2 activities in full-length, mutated and truncated B19-VP1u proteins. As a positive control, bvPLA2 exhibited sPLA2 activity of 0.528 § 0.008 mmol/min/mL, whereas B19-VP1uD175A exhibited no detectable sPLA2 activity, as described previously. (Table 1) . Notably, higher sPLA2 activity was detected in amino acid residues 61 to 227 (5) B19-tVP1u protein, whereas lower sPLA2 activity was detected in amino acid residues 21 to 227 (2) and 130 to 227 (12) B19-tVP1u proteins (Table 1) .
Antibody against CL and b2GPI cross-reacts with B19-tVP1u proteins
To clarify the association between B19-VP1u and APL, the binding activities of B19-tVP1u proteins with autoantibodies against CL and b2GPI were examined. Fig. 2 displays the immunoblot results obtained by probing B19-tVP1u proteins with autoantibodies against CL and b2GPI. The experimental results revealed that autoantibodies against CL (Fig 2A) and b2GPI (Fig. 2B ) cross-reacted with all B19-tVP1u proteins.
Anti-sera from mouse immunized with B19-tVP1u proteins reveal reactivity against cardiolipin and b2GPI
To analyze the binding activity of antibodies against B19-tVP1u with CL and b2GPI, One mg of IgG against B19-tVP1u proteins was purified from Balb/c mice for ELISA analysis. The normal absorbance values of the controls were 0.191 § 0.03 (mean § 2 SD) for CL (Fig. 3A) and 0.137 § 0.01 (mean § 2 SD) for b2GPI (Fig. 3B) , and these were set as cutoff values for significance. Except for IgG against the amino acid residues 130 to 227 (12) B19-tVP1u protein, IgG against fulllength B19-VP1u and the other B19-tVP1u proteins exhibited detectable binding activity with CL. Notably, significantly higher reactivity with CL was observed in IgG against full-length B19-VP1u, and amino acid residues 61 to 227 (5) and 101-227 (9) B19-tVP1u proteins (Fig. 3A) . IgG against full-length B19-VP1u and amino acid residues 21 to 227 (2), 31 to 227 (3), 82 to 227 (7) and 91 to 227 (8) B19-tVP1u proteins exhibited a Figure 2 . Reactivity of antibodies against cardiolipin and b2GPI to truncated B19-VP1u (B19-tVP1u) proteins. Full-length B19-VP1u and B19-tVP1u proteins were probed with antibodies against (A) cardiolipin and (B) b2GPI. Lane M indicates prestained protein marker; lane 1 indicates the full-length B19-VP1u, and lanes 2 to 12 correspond to the truncated deletions 2 to 12, respectively. significantly higher binding activity with b2GPI (Fig. 3B) . The binding specificity of purified mice IgG to CL autoantigen was analyzed by absorption assays. Significantly higher binding inhibition of CL was observed with full-length B19-VP1u, and the amino acid residues 61 to 227 (5) and 101 to 227 (9) B19-tVP1u, than the control (Table 2) . Significantly higher binding inhibition of b2GPI was observed with fulllength B19-VP1u, and amino acid residues 21 to 227 (2), 31 to 227 (3), 82 to 227 (7) and 91 to 227 (8) B19-tVP1u, than the control (Table 3) .
Induction of passive transfer of anti-phospholipid syndrome (APS) by infusion of anti-B19-tVP1u antibody
To clarify whether anti-B19-tVP1u antibodies can induce anti-phospholipid syndrome, a passively induced APS mice model was adopted. Whole blood from Balb/c mice that were intravenously immunized with purified anti-B19-VP1u or anti-B19-VP1u antibodies was collected and hematological and coagulation examinations were performed. No significant difference between the WBC, RBC, Hb, HCT, MCV, MCH, MCHC, lymphocyte or neutrophils of mice that had been immunized with anti-full-length B19-VP1u and control mice was detected (Table 4 ). Significant thrombocytopenia and prolonged aPTT were detected in mice that had received full-length B19-VP1u, relative to the control mice (Table 4 ). The mice that received amino acid residues 31 to 227 (3) or 61 to 227 (5) anti-tB19-VP1u IgG exhibited significant thrombocytopenia, as determined by comparison with the controls (Table 4) . Notably, the mice had received amino acid residues 21 to 227 (2), 31 to 227 (3), 61 to 227 (5), 71 to 227 (6), 82 to 227 (7), 91 to 227 (8), 101 to 227 (9) or 114 to 227 (10) anti-tB19-VP1u IgG exhibited significantly longer aPTT than the controls (Table 4) .
Discussion
B19 infection has been associated with various autoimmune diseases. 1, 8 Although many studies have investigated the association between B19-VP1u and APS, the antigenicity of B19-VP1u in induction of APS-like syndrome remains unclear. This study further investigates the regions of B19-VP1u that contribute to the induction of APS-like syndrome by truncating the N-terminal of B19-VP1u and a passively induced APS mice model. The experimental results revealed that the region of amino acids 61 to 227 exhibited high sPLA2 activity. Furthermore, CL and b2GPI autoantibodies exhibited binding activity with all B19-tVP1u proteins. The mice IgG against all B19-tVP1u exhibited significantly higher binding activity with CL and those against amino acid residues 21 to 227 (2), 31 to 227 (3), 82 to 227 (7) and 91 to 227 (8) B19-tVP1u exhibited significantly higher binding activity with b2GPI. Notably, the mice that received IgG against 31 to 227 (3) or 71 to 227 (5) B19-tB19-VP1u revealed significant thrombocytopenia and those mice receiving IgG against amino acid residues 21 to 227 (2), 31 to 227 (3), 61 to 227 (5), 71 to 227 (6), 82 to 227 (7), 91 to 227 (8), 101 to 227 (9) or 114 to 227 (10) antitB19-VP1u exhibited significantly prolonged aPTT. These experimental results provide further information about the role of B19-VP1u antigenicity in induction of APS-like autoimmunity. B19-VP1 is identical to VP2, except for the 227 amino acids at N-terminal end of VP1 protein, the so-called VP1-unique region (VP1u). 25 The amino acid sequence of B19-VP1u from 130 to 195 has been identified as having a conserved PLA2-like motif (HDXXY) and, which shares homologies to the Ca 2C -binding loop and the catalytic site of secreted PLA2. [26] [27] Conversely, mutations of certain amino acid residues in the B19 VP1u such as VP1uD175A, greatly reduce PLA2 activity and virus infectivity. [28] [29] However, the modulatory effects of the region of B19-VP1u at amino acids 1 to 129 on PLA2-like activity remain unknown. Although PLA2 activities were detected in all B19-tVP1u proteins, only the truncated B19-VP1u protein that corresponded to the amino acid sequences 61 to 227 exhibited higher PLA2 activity (Table 1) . These results reasonably suggest that the B19-VP1u region that corresponded to amino acid sequence from 61 to 71 may have been the domain that activated PLA2 activity whereas the amino acid sequence from 21 to 61 may have contributed to the inhibition of PLA2 activity. However, further investigations are required to clarify the conformational change of recombinant B19-tVP1u that renders these regions accessible and triggers the PLA2 potential.
Human B19-VP1u potent neutralizing epitopes and contributes to a dominant immune response following B19 infection. [30] [31] Notably, evidence studies have found that the most neutralizing antisera are produced using peptides from the N-terminal part of the VP1u. 25, 30 One study has shown that the clustering of neutralizing epitopes in the N-terminal 100 amino acids of B19-VP1u suggests the presence of important functional motifs within this region. 32 Therefore, the N-terminal amino acids positions 5 to 80 of B19-VP1u, comprising the receptorbinding domain (RBD), are necessary and sufficient for cellular binding, internalization and B19-virus uptake. 33 These findings imply that the N-terminal region of B19-VP1u has a crucial role in the induction of autoimmunity. Although previous studies have reported that antibodies against B19-VP1u cross-react with CL and b2GPI, 15, 17 the critical amino acids within B19-VP1u that are involved in the induction of binding with CL and b2GPI were not elucidated. This study provides further information about the antigenicity of the N-terminal part of B19-VP1u. According to Western blot analysis, the autoantibodies against CL and b2GPI reacted with all N-terminal truncated B19-VP1u proteins, suggesting the presence of epitopes for autoantibodies against CL and b2GPI within amino acids 130 to 227 of B19-VP1u.
The diagnosis of APS is essentially based on not only common clinical manifestations but also the detection of circulating APLs, such as antibodies against CL and b2GPI. 34 In the clinic, b2GPI has been identified as the major autoantigen in APS and a specific ELISA for detecting antibodies against b2GPI has been introduced for the diagnosis of APS in the laboratory. [34] [35] This state anti-b2GPI antibody is a specific index for APS. In this study, purified mice IgG against amino acid residues 21 to 227 (2), 31 to 227 (3), 82 to 227 (7) and 91 to 227 (8) B19-tVP1u proteins exhibited significantly greater binding activity with b2GPI. Consistent therewith, significantly higher binding inhibition of b2GPI was detected in the presence of amino acid residues 21 to 227 (2), 31 to 227 (3), 82 to 227 (7) and 91 to 227 (8) B19-tVP1u. Notably, purified mice IgG against amino acid residues 21 to 227 (2) to 121 to 227 (11) B19-tVP1u exhibited significantly higher binding activity with CL. However, only amino acid residues of 61 to 227 (5) and 101 to 227 (9) B19-tVP1u proteins exhibited a significantly higher binding inhibition to CL in an absorption assay. These experimental results imply that the immunization of B19-tVP1u induces more specific reactivity to b2GPI than to CL. Although further investigations are required, B19-VP1u and b2GPI are reasonably speculated to share more similarities in epitope distribution and conformation than CL.
Finally, there is a concern in the present study should also be noted. We found that anti-sera against B1-tVP1u (a.a. 61-227) has overall low levels of anti-cardiolipin antibodies, but can be efficiently absorbed with recombinant B19-tVP1u (a.a. 61-227). This may be due to the conformational specificity of truncated B19-VP1u proteins and the interference of the truncated B19-VP1u proteins during the competition reaction. Although further investigations are required to verify this deviation, similar tendency and consistency of these truncated B19-VP1u proteins between antibody binding activity assay and absorption assay were still observed.
Evidence is emerging that B19-VP1u has an important role in the development of autoimmunity, and in particular APS-like syndrome, through the direct infection of cells or antibody formation. 17, [36] [37] [38] Indeed, a common pathogenicity of the APS and the autoimmunity features that are observed in B19 infection is supported not only by the close association between the presence of APL and parvovirus B19 infection but also by the similarity between the presented clinical symptoms of patients with parvovirus B19 infection and those with APS. 3, 15 However, the antigenic regions of B19-VP1u in induction of APS-like syndrome are still obscure. This study reveals that the passive transfer of IgG against amino acid residues 31 to 227 (3) or 61 to 227 (5) B19-tVP1u induces significant thrombocytopenia and those against amino acid residues 21 to 227 (2), 31 to 227 (3), 61 to 227 (5), 71 to 227 (6), 82 to 227 (7), 91 to 227 (8), 101 to 227 (9) or 114 to 227 (10) induces significantly prolonged aPTT in na€ ıve mice. Altogether, this investigation provides advanced information concerning the critical domains of B19-VP1u in the induction of APS-like autoimmunity.
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